Notch signaling is an evolutionarily conserved pathway, which regulates cell proliferation, differentiation, and apoptosis. It has been reported that the members of Notch signaling are expressed in mammalian ovaries, but the exact functions of this pathway in follicle development is still unclear. In this study, primary follicles were cultured in vitro and treated with Notch signaling inhibitors, 
N
otch signaling is an evolutionarily conserved signaling pathway, which comprises heterodimer transmembrane receptors consisting of an extracellular domain and a noncovalently linked intracellular domain (NICD). In mammals, four Notch receptors (Notch1-4) and five ligands [␦-like (Dll)-1, Dll3, Dll4, Jagged1, and Jagged2] have been identified. Both the Notch ligands and the receptors are transmembrane proteins; therefore, activation of Notch signaling is based on contact of neighboring cells (1, 2) . When ligands bind receptors, Notch receptors become susceptible to proteolytic cleavage mediated by ␥-secretase complex, which releases the intracellular domain of Notch (NICD) (3, 4) . NICD enters nucleus and forms a complex with recombination signal binding protein-Jk, which contains a DNA binding domain. The complex regulates hairy and enhancer of split (Hes) and Hes-related transcription factor (Hey) families, which are Notch target genes (5, 6) . These target genes work as transcriptional factors to regulate expression of other genes in different cells. Notch signaling plays important roles in regulating vertebrate organ development, such as central nervous system development; cardiovascular development; and pancreas, gut, and bone development through regulating cell proliferation, differentiation, and apoptosis. Complete lack of Notch function causes embryonic lethal in mouse models due to severe developmental defects of multiple organs (1, 7) .
In mammals, ovarian follicular development is a continuous process during reproductive life span. Follicles de-velop through the primordial, primary, and secondary stage before acquiring an antral cavity. With further growth and differentiation, preovulatory follicles form and the oocytes are released after LH stimulation. In fact, only a few follicles go through ovulation. Most of the developing follicles will be lost as a result of atresia (8 -11) . Identification of factors regulating follicular growth and development is primarily focused on some endocrine factors and intraovarian factors (11) (12) (13) (14) . In fact, the oocytegranulosa cells and granulosa-granulosa cells involve cellcell contact and local signaling, which also play very important roles in follicle growth and development. Previous studies have shown that the members of Notch signaling pathway were expressed in the mammalian ovaries, including Notch1, Notch2, Notch3, Notch4, Jagged1, Jagged2, Hes1, Hes5, Hey1, Hey2, and HeyL (15) (16) (17) , suggesting this signaling pathway might play a role in folliculogenesis. However, most of the studies about Notch signaling in ovarian follicle development were focused on Drosophila ovaries and found that Notch signaling promoted follicle cell mitotic-to-endocycle transition, differentiation of epithelial follicle cells, and controlled germline stem cell niche formation (18 -20) . Recently Trombly et al. (16) found that blocking the Notch signaling in cultured neonatal mouse ovaries resulted in the defect of primordial follicle assembly, indicating that Notch signaling is essential for primordial follicle formation. Given the fact that the components of the Notch signaling pathway were also present in the primary and secondary follicles, we postulated that this pathway may also play roles in later stage follicle development. To examine the functions of Notch signaling pathway in follicle development, mouse primary ovarian follicles were cultured in vitro and treated with the Notch signaling inhibitors, L-658,458 and N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), and we found for the first time that the follicles completely stopped developing with detached granulosa cells and degenerated oocytes, suggesting that Notch signaling pathway is critical for ovarian follicle development.
Materials and Methods

Animals
CD1 mice were purchased from the Animal Facility of Institute of Genetics and Development Biology (Chinese Academy of Science, Beijing, China) and housed in a temperature-and lightcontrolled facility with free access to water and food. The experimental protocols were approved by the Ethical Committee of the Institute of Zoology (Chinese Academy of Sciences).
Chemicals
Jagged1 (SC-6011) and Notch2 (SC-5545) polyclonal antibodies and C-Myc (sc-40) mouse monoclonal antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-bromodeoxyuridine triphosphate (BrdU) (B2531) monoclonal antibody was purchased from Sigma (St. Louis, MO). Polyclonal antibody to activated Notch2 (ab8926) was purchased from Abcam (Cambridge, UK). DAPT (D5942) was purchased from Sigma. Insolution ␥-secretase inhibitor X (L-685,458) (catalog no. 565771; Calbiochem, La Jolla, CA) was obtained from Merck (Darmstadt, Germany). Dimethylsulfoxide (DMSO), (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and BrdU were purchased from Sigma. The Dead End apoptosis detection kit was purchased from Promega (Madison, WI).
Immunoflurescence
Ovaries were fixed by immersion in 4% paraformaldehyde for 6 h. After incubation in 20% sucrose overnight, the ovaries were embedded in optimal cutting temperature compound and frozen in liquid nitrogen. Ten-micrometer sections were cut and mounted on 3-aminopropyl triethoxysilane-coated slides. The slides were incubated with 5% BSA in PBS for 30 min at room temperature to reduce nonspecific binding and incubated with primary Notch2 antibody overnight at 4 C. After three rinses in PBS, the sections were incubated for 1 h at room temperature with goat antirabbit IgG conjugated with fluorescein isothiocyanate. Hoechst 33342 was used to label nuclei. Samples were imaged on a Zeiss LSM510 Meta confocal microscope (Carl Zeiss MicroImaging, Inc., Jena, Germany).
Immunohistochemistry
Ovaries were fixed in 4% paraformadehyde for 24 h, stored in 70% ethanol, and embedded in paraffin. Five-micrometer sections were cut. After deparaffinization and rehydration through degraded ethanol, the slides were incubated with 5% BSA for 30 min at room temperature and incubated with primary Jagged1 antibody overnight at 4 C. After washed with PBS, the sections were incubated with biotinylated rabbit antigoat IgG for 1 h and incubated with avidin-biotin-peroxidase complex for 1 h at room temperature. The color was developed with 3,3Ј-diaminobenzidine for 2 min. The slides were counterstained with hematoxylin for 2 min.
In situ hybridization
The digoxigenin (DIG)-labeled RNA probe was synthesized as previously reported (21) . Probe sequences were within the coding sequences of Hey1 (244 -585) and Hey2 (500 -1046). After deparaffinization and rehydration, the sections were permeabilized with proteinase K (10 mg/liter) in proteinase K buffer for 25 min at 37 C, incubated in prehybridization buffer for 4 h at 42 C, and incubated with the hybridization solutions, which was composed of DIG-labeled antisense RNA probes and hybridization buffer at 45 C for 18 h. Detection of hybridized probe was done using an alkaline phosphatase-conjugated anti-DIG antibody (Fab fragment). After washing, the color was developed with color-generating solution (4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indoyl-phosphate, 4-toluidine salt) for 2 h.
Follicles isolation and in vitro culture
Follicle culture was carried out as previously reported (22, 23) . Ovaries were removed aseptically from 14-d-old mice. The tissue adhering to ovaries was removed using beveled edges of two syringe needles. The ovaries were transferred into L15 medium (Leibovitz), supplied with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 g/ml streptomycin sulfate. The ovaries were mechanically dissected using beveled edges of two syringe needles. Follicles with one layer of granulosa cells, a centrally placed oocyte, an intact basal membrane, and some attached theca cells were collected and cultured individually in 10-l droplets of culture medium; a-MEM supplemented with 5% FBS, 5 g/ml insulin, 5 g/ml transferrin, and 5 g/ml selenium; and 100 mIU/ml recombinant FSH. The culture dishes were kept in the incubator at 37 C, 100% humidity and 5% CO 2 in air. After 24 h of culture, 10 l of culture medium was added to each droplet. Subsequent refreshment was conducted every other day by removing and replacing 10 l medium. The morphology of the follicles was recorded before the refreshment.
Granulosa cell culture
The granulosa cells of preantral follicles were collected as previously reported (24) . After mechanical dissection, follicles were digested in medium containing 1 mg/ml collagenase, 0.025% trypsin, and 0.02 mg/ml deoxyribonuclease I for 5 min at 37 C. After two washes, the cells were seeded with DMEM/ F12 culture medium, supplemented with 5% FBS, 100 IU/ml penicillin, and 100 g/ml streptomycin sulfate and cultured overnight for adhesion. After this period, the cells were cultured in the fresh medium with the presence or absence of the various reagents for the indicated time.
MTT test
Granulosa cells were seeded in 96-well plates and incubated in the fresh medium with different reagents. Cell proliferation
FIG. 1.
Expression of components of Notch signaling pathway in mouse ovaries. Notch2 protein was expressed in the ooctyes of the primordial (white arrows) (A) and the primary (B) follicles. After the follicle development, the expression of Notch2 in the oocytes was gradually decreased and completely absent in the antral follicles (C). Notch protein was also detected in the granulosa cells (B and C). The negative control is shown in D; Jagged1 protein was expressed in the oocytes of the primordial (E), primary (F), and secondary (G) follicles, but only a weak signal was detected in the oocytes of the antral follicles (G). The negative control is shown in H. Hey1 and hey2 mRNA was detected in the oocytes of the primordial follicles (I and M) by in situ hybridization, and a weak signal was detected in the oocytes of the primary follicles (J and N), and they were completely absent in the oocytes of the secondary and the antral follicles (K and O). Hey1 and hey2 mRNA was also detected in the granulosa cells of the primary, the secondary, and the antral follicles (J, N, K, and P). The negative control was shown in Fig. 1L and P. GR, Granulosa cells; Oo, oocytes.
Endocrinology, June 2011, 152(6):2437-2447 endo.endojournals.orgwas monitored by an MTT assay. Twenty microliters of the MTT reagent were added in each well of a 96-well plate and incubated for 4 h, the supernatant was removed and the cells were treated with 150 l/well DMSO for 10 min. Absorbance at 570 nm was recorded using an ELISA plate reader.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) assay
A TUNEL assay was performed using Dead End apoptosis detection kit (Promega) according to the manufacturer's instructions. Briefly, cells were fixed with 4% paraformaldehyde at 4 C for 25 min and incubated with a reaction mix containing nucleotide mix (including fluorescein-12-deoxyuridine 5-triphosphate) and terminal deoxynucleotidyl transferase for 1 h at 37 C. Then the cells were washed with 2ϫ saline sodium citrate and PBS. The nuclei were stained with Hoechst 33342. The apoptotic cells with green fluorescence were examined by a Nikon Eclipse 80i fluorescence microscope (Tokyo, Japan). The percentage of apoptosis cells was analyzed by random field analysis on each coverslip. A minimum of 1000 cells were counted for each coverslip, and three different coverslips were analyzed.
BrdU incorporation analysis
Ten micrograms per milliliter of BrdU were added to the culture medium for 24 h. The cells were fixed with 100% ethanol for 10 min, incubated with 2 M HCL for 45 min and 0.1 M sodium tetraborate for 15 min at room temperature. Then the cells were incubated with a mouse monoclonal anti-BrdU antibody overnight at 4 C and were incubated with fluorescein isothiocyanateconjugated goat antimouse IgG for 1 h at room temperature. Hoechst 33342 was used to label nuclei. Analysis of the percentage of BrdU-positive cells was done as previously described for apoptosis analysis.
Flow cytometry assay
The cultured granulosa cells were resuspended by 0.25% trypsin-EDTA and then fixed with 70% cold ethanol for 1 h. The cells were centrifuged at 300 ϫ g for 5 min, treated with 50 g/ml ribonuclease A and 50 g/ml propidium iodide for 15 min, and filtered. Cells were then analyzed by FACSCalibur flow cytometry (BD Biosciences, Franklin Lakes, NJ). The percentage of granulosa cells in sub-G1 (apoptosis), G0/G1, S, and G2/M (proliferation) phases of the cell cycle was calculated from the DNA histogram data using counter software.
Construction of lentiviral vectors, viral production, and transfection of granulosa cells
The NICD-2 cDNA was amplified using primer BamHI-NICD2 (5Ј-CGGGATCCATGGCCAAGCGGAAG CGCAAG-3Ј) and MluI-NICD2 (5Ј-CGACGCGTTGCATACACCTGCAT-GTTGCTG-3Ј). c-Myc cDNA was amplified using the primers BamHI-c-Myc (5Ј-CGGGATCCATGCCCCTCAACGTGAAC-TTC-3Ј) and MluI-c-Myc (5Ј-CGACGCGTTGCACCAGAGT-TTCGAAGCTG-3Ј). NICD2 and c-Myc cDNA was cloned into the pWPXLd-expressing vector. Lentiviruses were packed using human embryonic kidney 293FT. The virus was harvested by ultracentrifugation at 50,000 ϫ g for 2 h at 4 C. The concentrated virus stocks were used to infect granulosa cells. When cultured primary granulosa cells grew up to 50% confluence, infections were carried out in the presence of 10 g/ml of polybrene. Green fluorescent protein could be detected under the fluorescence microscope 48 h later. 
Small interfering RNA (siRNA) synthesis and transfection
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RNA extraction and real-time PCR
Granulosa cells were lysed with Trizol reagent (Invitrogen). Total RNA was extracted according to the manufacturer's instructions. Two micrograms of total RNA were reverse transcribed in a final volume of 25 l containing random primers, Moloney murine leukemia virus reverse transcriptase, reaction buffer, deoxynucleotide triphosphate, and ribonuclease inhibitor. The sequences for specific primers were listed in Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org. Real-time PCR was carried out using ABI PRISM 7000 sequence detection system (PE Applied Biosystems, Foster City, CA). mRNA expression level was normalized against glyceraldehyde-3-phosphate dehydrogenase mRNA level and analyzed using the comparative cycle threshold method.
Western blotting
Cells were lysed in radioimmune precipitation assay lysis buffer containing complete Mini protease-inhibitor cocktail tablets (Roche, Mannheim, Germany). The protein concentration in the supernatants was estimated using a Bradford assay (Bio-Rad Laboratories, Hercules, CA). The proteins were electrophoresed under reducing conditions in 12% SDS-PAGE gels and transferred to nitrocellulose membranes. Blot were incubation overnight at 4 C with primary antibody and followed by 1 h of incubation at room temperature with horseradish peroxidase-labeled secondary antibody. Specific signals were detected using the enhanced chemiluminescence Western blotting detection system.
Statistical analysis
The data were evaluated for statistical differences using SPSS computer software (SPSS Inc., Chicago, IL). Independent-samples t test was used for statistical comparisons between two groups. One-way ANOVA followed by a least-significant-difference test was used for statistical comparisons among multiple groups. The significance was assured when the P value was less than 0.05.
Results
The components of Notch signaling are expressed in mouse ovaries
Expression of the members of Notch signaling pathway in mouse ovaries was assessed by immunostaining and in situ hybridization. Notch2 protein was detected in oocytes of primordial and primary follicles (Fig. 1, A and B) . With the development of follicles, Notch2 expression was decreased and completely absent in the oocytes of the antral follicles (Fig. 1C) . Notch2 protein was also detected in the granulosa cells of primary follicles, and the signal continuously existed in the antral follicles (Fig. 1, B and C) . Jagged1, the ligand of Notch2, was highly expressed in oocytes of the primordial and primary follicles (Fig. 1, E and F) . With the follicular development, the expression of Jagged1 protein in oocytes was gradually decreased (Fig. 1G) . Expression of Notch signaling targeting genes was also assessed by in situ hybridization. As shown in Fig. 1, I and M, Hey1 and Hey2 were strongly expressed in the oocytes of the primordial follicles. A very weak staining was observed in the oocytes of primary follicles, and no signal was noted in the oocytes of the antral follicles. In contrast, a strong signal was detected in the granulosa cells of the primary follicles and the antral follicles (Fig.  1 , J, N, K, and O).
Notch signaling is essential for follicle development
To examine the functions of Notch signaling in follicle development, primary follicles were isolated from the ovaries of 2-wk-old mice and cultured in vitro. L-685,458 and DAPT are both widely used as Notch signaling pathway inhibitors (16, 26, 27) . To confirm the specificity of these inhibitors, both of them were used in this study. After 8 d culture, the granulosa cells in the most control follicles (92%) proliferated, and the follicle size was dramatically increased. In contrast, most of the follicles (96 and 88%) were completely arrested after L-658,458 (5 M) and DAPT (20 M) treatment, respectively, and the granulosa cells were detached from the follicles. The oocytes (78 and 83%) were also degenerated with shrunk cytoplasma after L-658,458 and DAPT treatment (Fig. 2 and Table 1 ). To exclude the toxic effect of L-658,458 and DAPT on cul- Fig. 1 , the inhibitor treatment did not cause cell death and other defects. This result suggested that L-658,458 and DAPT induced follicles dysgenesis was not due to toxic effect, and Notch signaling was critical for follicle development.
Notch signaling induces granulosa cell proliferation
To explore the mechanism of L-658,458-and DAPTinduced follicle developmental defect, the number of viable granulosa cells 3 d after L-658,458 and DAPT treatment was analyzed by MTT assay. As shown in Fig. 3 , B and C, compared with the control, the viable granulosa cells was significantly decreased (P Ͻ 0.05) in a dosedependent manner. We hypothesized that Notch signaling was essential for granulosa cells proliferation. To further confirm this, BrdU incorporation and flow cytometric assay were used to examine the proliferating granulosa cells. We found that 33.4 Ϯ 6.5% cells were positive for BrdU in the control group, whereas only 11.7 Ϯ 4.2% of cells were labeled with BrdU in the L-658,458-treated group and 13.6 Ϯ 3% in the DAPT-treated group(P Ͻ 0.01) (Fig. 4B) . The results of flow cytometric assay also showed that the number of granulosa cells in the SϩG2/M phase was significantly decreased 3 d after L-658,458 (3.8 Ϯ 1.4) and DAPT treatment(6.1 Ϯ 0.9), compared with the control group (11 Ϯ 0.3%) (Fig. 3E) . Other than mitotic arrest, we also found that the number of apoptotic cells was also increased after blocking Notch signaling pathway. As shown in Fig. 4D , the number of TUNEL-positive cells was dramatically increased at 72 h after L-658,458 (19 Ϯ 1.8%) and DAPT treatment (7.4 Ϯ 0.4%) compared with the control group (1.1 Ϯ 0.1%). The results of flow cytometric assay also showed that the number of cells staying in the sub-G1 phase after L-658,458 (18 Ϯ 1.9%) and DAPT (5.4 Ϯ 2.3%) treatment was significantly higher than that in the control group (0.9 Ϯ 0.1) (P Ͻ 0.05) (Fig. 3E) . To exclude the decrease of viable granulosa cell number after L-658,458 and DAPT treatment was due to proliferative inhibition, not cell apoptosis, the time course of cell apoptosis vs. proliferation was examined by a flow cytometry assay. The results showed that the mitotic arrest of granulosa cells was evident from 48 h after L-658,458 and DAPT treatment; however, the number of apoptotic cells was not increased until 72 h after blocking notch signaling (Supplemental Fig. 2) , suggesting that the decrease in cell number after the inhibitors treatment was due to the mitotic arrest. Apoptosis occurs after L-658,458 and DAPT treatment, probably due to the proliferative arrest, which in turn causes cell death.
L-658,458 and DAPT treatment inhibits the expression of c-Myc in granulosa cells
To verify our system, the expression of hey1 and hey2, two target genes of Notch signaling, was assessed by realtime PCR. As shown in Fig. 5 , A and C, the expression of these two genes was down-regulated after L-658,458 and DAPT treatment. In addition, we examined the location of NICD2 after treatment with inhibitors. NICD2 protein was detected in the nuclei of granulosa cells in the control granulosa cells, whereas the NICD2 signal was transferred to the cytoplasm after treatment with L-658,458 and DAPT (Supplemental Fig. 3 ), indicating that the Notch signaling was indeed inhibited by L-658,458 and DAPT.
To further investigate the mechanism of Notch signaling on granulosa cell proliferation and survival, the expression of cell cycle regulatory factors and apoptosis-related genes was examined by real-time PCR and Western blot. The results indicated that the expression of cyclinD2, P53, bcl-2, and Bax was not changed after L-658,458 treatment (Fig. 5B) . However, c-Myc was significantly decreased after L-658,458 and DAPT treatment (Fig. 5 , B-E).
Growth inhibition of granulosa cells induced by L-658,458 and DAPT is rescued by overexpressing of NICD2 and c-Myc
To further confirm that the antiproliferating effect of L-658,458 and DAPT on granulosa cells was mediated through Notch signaling pathway, not other ␥-secretasedependent pathways, the functional domain of Notch receptor, NICD2, was overexpressed in L-658,458-and DAPT-treated granulosa cells. As shown in Fig. 6D , the growth of the granulosa cells was promoted by overexpressing of NICD2, and L-658,458 and DAPT induced a mitotic arrest of granulosa cells was also rescued by the NICD2 overexpression. These results suggested that Notch signaling pathway was essential for granulosa cell growth. We also found that the expression of c-Myc was induced by NICD2 (Fig. 6B) , indicating that c-Myc was a downstream gene of Notch signaling pathway. To test whether L-658,458 and DAPT induced mitotic arrest of granulose cells was mediated by c-Myc, c-Myc was overexpressed in granulosa cells and then treated with L-658,458 and DAPT. As shown in Fig. 6E , the growth of granulosa cells was completely rescued by the overexpression of c-Myc. After knocking down c-Myc by siRNAs, the proliferation of granulosa cells was significantly decreased 2 d later (Fig. 7B) , suggesting that c-Myc is important for granulosa cell proliferation. We also found that overex-pression of NICD2 could not rescue the mitotic arrest of granuloma cells, which was caused by c-Myc knockdown (Fig. 7C) , indicating that Notch signaling regulating granulosa cell proliferation was mediated by c-Myc.
Discussion
As one of the most important cell signaling pathways, expression of Notch signaling components in the ovaries has been examined previously (15, 16) . However, the exact functions of this pathway in ovarian folliculogenesis and development are still unknown, partially due to the embryonic lethality of knockout mice models (1, 7) . Follicle culture is widely used to evaluate follicle growth and explore the influence of environmental chemicals on follicle development. It has the advantage of maintaining normal cell contact and integrity of follicles (25) . L-685,458 and DAPT are inhibitors of ␥-secretase, which catalyzes the final cleavage of the Notch receptor, and have been widely used in other studies to block the Notch signaling pathway (16, 26, 27) . In this study, the primary follicles were cultured in vitro, and the Notch signaling pathway was blocked by L-685,458 and DAPT treatment. We found for the first time that blocking the Notch signaling pathway resulted in complete dysgenesis of cultured follicles, suggesting that Notch signaling is also important for ovarian follicle development other than primordial follicle assembly (16) .
Ovarian follicle development largely depends on the proliferation of granulosa cells. Granulosa cell proliferation commences from primary follicle formation, and the follicle growth is characterized by increasing layers of granulosa cells (28) .As shown in Fig. 2 , the granulosa cells of the control follicles became multiple layers and expanded after 6 -8 d culture, whereas the L-685,458-and DAPT-treated follicles completely stopped growing, and most of the granulosa cells were detached from the follicles. Based on this result, we hypothesized that the developmental arrest of inhibitors treated follicles was partially due to the defect of granulosa cell proliferation, and the Notch signaling pathway was important for granulosa cell proliferation. To test this hypothesis, primary granulosa cells were treated with L-685,458 and DAPT. As expected, the proliferation of the granulosa cells was significantly inhibited in a dose-dependent manner. We also found that overexpression of NICD2 could promote the proliferation of granulosa cells and rescue L-685,458-and DAPT-induced mitotic arrest. This result excluded the cytotoxicity of these inhibitors and other ␥-secretase-dependent pathways.
Real-time PCR results indicated that the expression of c-Myc was decreased after L-685,458 and DAPT treatment. c-Myc typically heterodimerizes with Max to form a complex to bind E-box promoter elements and activates target genes to promote the movement of cells into the DNA synthesis (S) phase of the cell cycle (29) . In humane and porcine ovaries, c-Myc mRNA and protein are detected in the granulosa cells from preantral rather than large antral follicles. The stage-specific expression of cMyc in granulosa cells suggests that c-Myc plays a physiological role in the growth of granulosa cells in early folliculogenesis (30, 31) . Studies on other cells, such as mouse hematopoietic progenitors, hematopoietic stem cells, and T cell acute lymphoblastic leukemia (T-ALL), show that c-Myc is a direct target gene of Notch signaling, which influences the growth of T-ALL (32) (33) (34) . ␥-Secretase inhibitor treatment leads to the growth arrest and apoptosis of T-ALL by down-regulating c-Myc. Overexpression of cMyc can rescue the growth arrest associated with ␥-secretase inhibitor treatment in T-ALL (33) . In this study, we found that the overexpression of NICD2-induced c-Myc expression (Fig. 6B) , which suggested that c-Myc was a target gene of Notch signaling. It was consistent with other studies (32) (33) (34) . In addition, overexpression of c-Myc also could rescue the mitotic arrest of granulosa cells induced by L-685,458
and DAPT (Fig. 6E) ; however, overexpression of NICD2 could not rescue the mitotic arrest of granulosa cells, which was caused by c-Myc knockdown (Fig. 7C ). All these results suggested that Notch signaling regulated granulosa cell proliferation by inducing c-Myc expression.
Other than mitotic arrest, we also found that more granulosa cells were undergoing apoptosis after L-685,458 and DAPT treatment (Figs. 3E and 4D) . However, the expression of apoptosis-related genes, Bcl-2, Bax, and P53, was not changed. The results of the time course of the flow cytometry assay indicated that the apoptosis of granulosa cells was noted later than mitotic arrest after inhibitors treatment (Supplemental Fig. 2 ). Considering the fact that proliferation and apoptosis were coupled events, most of mitotic arrested cells may undergo apoptosis eventually (35) (36) (37) (38) ; however, we could not exclude the possibility that Notch signaling was also important for granulosa cell survival.
On the other hand, the oocytes were also degenerated with condensed cytoplasma (Fig. 2, J and O) after L-685,458 and DAPT treatment. It is widely accepted that both granulosa cells and oocytes direct growth and differentiation of ovarian follicles (39) , and the interaction between granulosa cells and oocytes is very important for normal follicle development. For cultured follicles, granulosa cell growth was inhibited after blocking Notch signaling. The defect of oocytes was probably due to the defect of granulosa cells; however, given the fact that both granulosa cells and oocytes both express Notch2 and Jagged1, we could not exclude the possibility that Notch signaling functions directly in oocytes rather than through granulosa cells.
In conclusion, this study demonstrated for the first time that Notch signaling was important for primary follicle development, and blocking the Notch signaling pathway by L-658,458 and DAPT resulted in follicle developmental defect with detached granulosa cells and degenerated oocytes. We also found that Notch signaling regulated granulosa cell proliferation and apoptosis by inducing cMyc expression. Lentivirus-mediated expression of NICD2 and c-Myc could promote proliferation of granulosa cells and rescue the mitotic arrest induced by L-658,458 and DAPT. The exact mechanism of the degeneration of oocytes needs to be further explored.
